The mouse hairless gene (Hr) encodes a protein of 127 kDa, acting as corepressor of nuclear hormone receptors. The Hairless protein (HR) is involved in the control of the cellular transition to the first hair cycle in adult Mammals. In its absence hair follicles disintegrate leading to a complete and irreversible hair loss with formation of cutaneous cysts. The hairless phenotype is therefore linked to defective proliferation and migration of the hair follicle stem cells apparently unable to respond to various signalling molecules. The Hr gene is expressed at high levels in skin and brain, and hairless transcripts were detected in gonads, thymus and colon. Although the patterns of Hr expression appear to be spatially and temporally regulated, very little is known about the molecular basis of the transcriptional control underlying Hr gene function. In this work we determine the precise transcriptional initiation start site of the mouse Hr gene and identify a new 1,1 kb cis-control element (RE1) that encompasses the promoter region and is able to drive luciferase reporter expression in skin and brain derived cell lines. We performed a deletion analysis and explored functionally regulatory motifs within this fragment to show that the role of this upstream regulatory region is linked to the presence of TRE and VDRE binding sites. We find that a TRE situated at -300 bp from the cap site is essential for gene expression in both skin NIH 3T3 and GHFT1 cells, while a VDRE positioned 94 bp upstream of the TRE modulates reporter expression specifically in skin derived cell lines. In addition, we define a novel cis-regulatory motif UE60, situated at the 5'-end of RE1 and likely to interact with both TRE and VDRE. Our data complete previous results on the possible existence of an autoregulatory pathway, implicated in Hr gene regulation. Taken together these findings reveal a complex molecular network that potentially links several signalling pathways in hair follicle formation. We discuss the organisation of the regulatory modules in the mouse Hr gene upstream DNA sequences in the light of the high homology of this region in mouse, rat and human.
Introduction
In Mammals the hair follicle cycle is controlled by a complex network of genetic interactions where the hairless (Hr) gene plays a crucial role to maintain stem cell mediated hair growth and regression. The structure and expression of Hr was thoroughly analysed in mouse, rat and human [1], [2] , [3] , [4] . It was established that the Hairless protein (HR) is a nuclear receptor corepressor able to regulate gene transcription by its direct association to VDR, TR, ROR, as well as by its involvement in the control of Wnt signalling pathway and Hox gene expression [5] , [6] , [7] , [8] , [9] , [10] , [11] [12] . The Hr and Vdr genes are coexpressed in cells of the hair follicle, their mutations in mice and human share a common skin phenotype and their protein products interact physically in a way that this association drastically represses VDR mediated transactivation [8] , [13] , [14] , [15] . The Hr gene is regulated by the thyroid hormone, the Hairless protein binds to TR in vivo and, at least in the brain, HR represses the transcription of TH-responsive genes by recruiting a particular complement of HDAC activities [16] , [7] . Surprisingly, the majority of these elegant studies did not provide enough details on the Hr gene regulation itself, leaving open the question of a possible autoregulatory pathway that would function in various physiological contexts.
In the rat a TR/RXR binding site was mapped within a 106 bp fragment, 9 kb upstream of the first exon. A 23 bp sequence including an imperfect direct repeat of the type DR+4 was shown to act as a TRE [5] . A sequence matching a type DR+4 TRE was found at 2,6 kb upstream of the mRNA cap site in the human hairless gene and a 3 kb fragment containing this element was cloned with luciferase gene reporter and tested in absence and presence of T3 in brain and skin derived cell lines [17] . This study tackled the function of human Hr gene promoter fragments in specific cell types illustrating the complexity of differential transactivation mechanisms controlling gene expression in various tissue contexts. Indeed, the upstream sequences of the Hr gene include regulatory elements and putative transcription factor binding sites that were poorly described in rats and humans and never addressed in the mouse.
Here we report results on the fine structure of the mouse Hr gene promoter region. We mapped the precise Hr gene transcription start site and identified a one kb regulatory element (RE1) essential for promoter activity and harbouring consensus binding sites for TR and VDR. Epitope tagged VDRs and TRs were used to test the functionality of both TRE and VDRE by electrophoretic mobility shift assays (EMSA), and confirmed the ability of the putative sequences to bind specifically their transcription factors. Using a series of deletion derivatives, we performed functional analysis in skin and brain derived cell lines in order to narrow down the minimal regulatory motifs underlying context specific activity. We show that thyroid hormone and vitamin D are both able to boost RE1 driven reporter expression in the respective cellular context. Our data suggest that the consensus TRE, which is conserved in Mammals, but is a part of differently organised regulatory modules, is absolutely essential for Hr gene promoter activity. We identified a new 60 bp regulatory sequence (UE60) at the far 5'-end of the RE1, able to interact with the TRE and control a correct physiological response to hormone treatment. The role of the two VDREs identified appears to be much more subtle and suggest that these regulatory motifs contribute to the specific modulation of the promoter activity in skin derived fibroblasts. Taken together our data allow to identify new DNA control sequences in the promoter of the mouse Hr gene and shed more light on the molecular mechanisms of a putative autoregulatory pathway underlying its tissue specific transcription.
Results:
Initiation start site of the hairless RNA transcription Although the Hr gene structure and expression in mouse, rat and human have been thoroughly analysed in a number of laboratories, quite surprisingly, the gene transcription start site and the fine structure and properties of the immediate promoter region have not been clearly determined. Therefore we firstly set out to generate northern blots from various tissues and cell lines and hybridise them with a 1172 bp fragment probe generated by XbaI/HindIII digestion of mouse Hr cDNA cloned in pSK based vector. We detected a major transcript of 7,5 kb in skin, brain and heart RNA. No expression was found in the liver ( Figure 1A ). In addition to the organs, RNAs were extracted from a number of cultured cell lines. It is noteworthy that only the GHFT1 cells originating from the pituitary gland were expressing the hairless gene. Probing RNA from HaCat cells produced one weak and apparently nonspecific band of about 5 kb, while no fragments were seen on the blots of the other cell lines (HaCat, HEK293, Cos, NIH 3T3 and HeLa) used ( Figure 1A and not shown). As the length of the cDNA of the mouse hairless gene was confidently determined to be of about 4017 bp [1], we estimated that the precise site of initiating of RNA synthesis should be positioned at 4000 bp upstream of the ATG in the second exon of the mouse hairless gene. We then performed a primer extension analysis on total RNAs from several mouse organs at different developmental stages, as well as from various cultured cell lines in order to identify the hairless gene transcription start site. Using an end-labelled nucleotide of 25 bp (see Figure 2 and Material and Methods) designed to be complementary to a most 5'-end of the putative transcript, we produced in all the samples analysed a clear single stranded cDNA fragment of 645-660 nucleotides which allowed us to define more precisely the 5'-end of the transcript ( Figure 1B) . In order to elucidate ultimately the position and identity this promoter sequence, we designed another primer extension assay and obtained in skin and brain a band of 169 bp allowing to define precisely the sequence where the cap site is positioned. A manual sequencing reaction was then run along this second primer extension experiment in order to help determining the exact base pair and confirm the identity of the initiating guanine nucleotide (Figure, 1c) . These combined mapping approaches allowed therefore to define for the first time the precise promoter domain of the mouse hairless gene and enabled us to start deciphering specific regulatory elements in the immediate upstream sequences in and around the promoter region ( Figure 2 ).
Identification of DNA sequences essential for the Hr gene promoter activity in cultured cell lines
To test the regulatory potential of the region, we cloned a large 3 kb fragment encompassing the Hr gene promoter in a vector coupled to the luciferase reporter. Based on the fact that Hr is expressed strongly in skin and brain, we explored the ability of this big fragment to drive basal reporter expression in two different types of cell lines as models of transcription activity in fibroblasts (NIH 3T3) and pituitary gland (GHFT1). We then created a series of deletion derivatives and identified elements absolutely essential for basal transcription. As illustrated on Figure 3 , construct 1 representing the whole 3 kb fragment ( Figure 3A) contains elements able to promote high levels of reporter expression in both cell lines. Note that the levels of this activity are comparable in NIH 3T3 and GHFT1 cells ( Figure 3B , 1). When this fragment was divided in two elements of roughly equal size we found out that construct 2 (nt -2388 to nt -769) was unable to drive reporter expression, while construct 3 (nt -837 to nt +461, Figure   3A ) insured robust reporter activity of comparable levels in fibroblasts and neural cells ( Figure 3B, 2 and 3) . To monitor the efficiency of the border sequences of constructs 2 and 3, we generated constructs 4 (nt -2388 to nt -491) and 5 (nt -553 to nt +461). Here again, we established that this 1,1 kb long 3' part of the whole fragment (construct 5) potentiated extremely high levels of luciferase expression especially as far as NIH 3T3 cells are concerned ( Figure 3B, 5 ). In the same time, the whole 2,0 kb 5'-sequence (construct 4) was not efficient to govern reporter function neither in skin nor in brain derived cells ( Figure 3B,   4 ). With constructs 6 (nt -837 to nt-491) and 7 (nt -1747 to nt -769, Figure 3A ) we tested the role of short sequences adjacent to the 5'-end of the essential promoter element to find out that they were efficient in none of the cell lines ( Figure 3B , 6 and 7). With construct 8 (nt -2388 to nt -1575, Figure 3A ) the effect of sequences remote to the promoter core was addressed and as it can be seen on Figure 3B , 8, this sequence is also unable to guarantee luciferase activity in the tested cell populations.
Taken together the data of this deletion analysis suggest that the regulatory elements responsible to govern the Hr gene basal promoter activity are organised within a 1kb fragment we named RE1 for regulatory element number 1, encompassing the transcription start site and its immediately adjacent upstream and downstream sequences. As shown on Figure 2 and as previously stressed, careful examination of this sequence allows to spot a number of potential upstream factors binding sites. Among those we got particularly interested in the strong concensus response elements -one for the transcription factor thyroid hormone receptor (TRE, nt -300 to nt -279) and two for the vitamin D receptor (VDRE1, nt -395 to nt -371 and VDRE2, nt -27 to nt -3, Figure 2 ). Despite the fact that direct protein -protein interaction of HR with TR and VDR was substantially described and thoroughly analysed [5] , [8] , very little is known about the possibility of a regulatory loop in which TR and/or VDR would regulate the Hr gene transcriptional activity in various cellular contexts [17] .
The TRE and VDRE within RE1 form specific complexes when incubated with extracts from TR and VDR transfected cells.
Having delineated the 1,1 kb essential promoter region RE1, we pursued gel retardation experiments in order to test the capacity of the RE1 located VDRE and TRE to form complexes with VDR and TR from whole cell extracts. The electrophoretic mobility shift assays (EMSA) using double stranded radio-labelled nucleotides incubated with protein 
Effects of Vitamin D and thyroid hormone on RE1 activity
To confirm the functional role of the newly identified regulatory motifs within the RE1 we 
Deletion analysis of RE1 function
The next important question we addressed was the regulatory potential of the consensus VDRE and TRE and their interaction with other elements within RE1. We wanted to define even better the minimal motifs mediating specific ligands responses in NIH 3T3 and GHFT1 cell lines. To test this we generated a series of luciferase reporter coupled deletion derivatives 
Discussion
Although the mouse Hr gene is known for many years, its expression patterns have not been described until recently and its regulation remains unclear [18] , [19] [20] . The upstream regions of this gene are largely unexplored and elements driving gene expression in a specific temporal and spatial manner were never identified. Indeed, prior experiments and analyses have stressed the fact that in rat and human the Hr gene regulation relied on upstream sequences containing proximal and distal predicted and predictable cis regulatory elements [5] . Based on the fact that the Hr is a thyroid hormone-responsive gene and that its protein product is a nuclear hormone receptor co-repressor, a partial analysis of its upstream regions in rat and human revealed functional TREs residing in the putative promoter. [21] , [7] , [17] .
These data suggested that Hr is a target of hormone receptors signalling pathways and might be a part of an autoregulatory loop involved in the specific controls of downstream hormone responsive genes. In the present work we analysed in more detail the promoter region of the mouse Hr gene. Taking into account the fact that many of the known cis-regulatory modules are made of clusters of phylogenetically conserved and repeated transcription factors (TF) binding sites, we started by restricting our analysis to modules located immediately and or moderately proximal to the Hr gene cap site. Using Northern blots, primer extension experiments and manual sequencing, we were able to define precisely the gene transcription cap site in the mouse at 3935 bp upstream of the ATG. Although the position of the Hr gene cap site in human and rat was previously inferred from human and rat library screenings with subsequent sequencing [5] , [4] , [17] , here we defined for the first time the precise cap site, which allows to ultimately anchor the first nucleotide of the mouse Hr gene transcript and undertake a fine mapping of its promoter activity. We then tested systematically the regulatory potential of upstream sequences by transfection of deletion derivatives linked to luciferase reporter in skin and brain derived cell lines. A one kb regulatory element (RE1) was identified harbouring a number of putative transcription factors binding sites (Figure 2) . A TRE motif of the type DR+4 was found at 300 bp upstream of the cap site and two potential VDREs that were not mentioned nor analysed before were noted within the essential RE1 sequence (Figure 2 and 7) . We found that the TRE is essential for promoter activity in both cells lines used. In brain derived cells, however, this TRE is much more efficient than in fibroblasts ( Figure 6A and B) . When it is abolished, the promoter activity is completely lost ( Figure 5A , B and C). Even if the first VDRE motif identified was not absolutely essential for the RE1 activity, its presence potentiates significantly the activation of the promoter specifically in the NIH 3T3 fibroblasts ( Figure 5A , B and C). The second putative VDRE affects neither the whole RE1 activity nor that of its deletion derivatives. In contrast, the presence and the integrity of a 60 bp sequence (a fragment we call UE60) at the far 5' site of the RE1 is critical for the overall activity of the Hr gene promoter as well as for the levels of reporter expression in response to ligand treatments in both cell lines; The RE1 element responded strongly to both vitamin D and T3 treatments It is important to note that the response to vitamin D is much stronger in NIH 3T3 cells, while the T3 response is more efficient in GHFT1 cells ( Figure 4B and C) . When the sequences upstream of the TRE are deleted, treatment with T3 is able to restore promoter activity specifically in GHFT1 cells, but not in NIH 3T3 cells ( Figure 6A and B) . Thus, in addition to the fact that the TRE is essential for the RE1 function in brain derived cells it interacts with the UE60 to potentiate a correct and physiological response to hormone treatment. The TREs consist typically of direct repeats sequences separated by a number of base pairs that can interact with hormone bound TR. As mentioned before, the functional TRE identified in this study is of the type DR+4 (GGGGATGTCCTCAGATGCCCTC) and is situated at 300 bp from the cap site (Figures 2   and 7) . It is important to note that in the human and in rat DR+4 type of TREs were identified that varied in their repeated motifs as well as in their location with respect to the transcription start site of the Hr gene in these species [5] , [17] and Figure 7 . Like the TR, the vitamin D receptor (VDR) is a ligand-regulated transcription factor that recognizes cognate vitamin D response elements (VDREs) formed by direct or everted repeats of PuG(G/T)TCA motifs separated by 3 or 6 bp (DR3 or ER6) [22] . More than 900 vitamin D regulated genes are known in the mammalian genome and VDR binding was confirmed to several elements in vivo. VDREs lying within -10 to +5kb of the 5 -ends were assigned to 65% of these genes. It was established that the effect of a nucleotide substitution on VDR binding in vitro does not predict VDRE function in vivo, because substitutions that disrupted binding in vitro were found in several functional elements [22] . In our hands the comparison of the two VDREs in the RE1 element shows that the VDRE1 has a fairly good core of consensus sequence TGAAGGA, while VDRE2, situated very close to the cap site displays less homology to the functional VDR recognition sites in various promoters [23] .
The existence of an autoregulatory loop, by which activation of the Hr gene would contribute to the repression of downstream ligand responsive genes remains an open question in skin and hair follicle biology. The data of this work do not corroborate a previously postulated TRE mediated negative autoregulation that inhibits Hr promoter in keratinocytes but not in neuroblastoma cells [17] . By contrast, we found that thyroid hormone could enhance reporter expression from the RE1 in both skin and brain derived cells. Our results rather show that the T3 pathway is likely to exert its effect through of an yet unknown UE60 site binding upstream factor(s) and that VDREs modulate this interaction. ethanol-precipitated, and resuspended in TE buffer (10 mM Tris (pH 7,5), 1 mM EDTA, 0,1 M NaCl). The products were analyzed by resolution on an 6% polyacryamide/8M urea sequencing gel and overnight autoradiography on Hyperfilm (GE Healthcare). The sizes of the resulting labeled primer extended products were inferred from their co-migration with a manual sequencing reaction, which was obtained using the same primer with a promotercontaining clone.
Northern Blot:
Tissues and cells were harvested and processed for isolation of total RNA as described above.
Total RNA separated on formaldehyde agarose gels (15 µg/lane) and transferred onto nitrocellulose membrane by capillarity migration overnight. Pre-hybridization was carried out at 42°C for 2 h in pre-hybridization buffer (6X SSC, 50% formamide, 5X Denhardt's, 1% SDS, and 200 µg/ml denatured salmon sperm DNA). Linearized cDNA probes (1172 pb obtained from pSK-Myc HR plasmid vector previously described (Brancaz -Bouvier et al, 2007 ) and cut by Xba I-Hind III) were radio-labeled by random-priming and heat denatured.
Hybridization was carried out for 16 h at 42°C in pre-hybridization buffer. Blots were washed twice for 5 min at RT in 7X SSPE, 0.1% SDS, 1 time at 37°C in 1X SSPE, 0.5% SDS for 15 min and 1 time for 1 hour in 0.1X SSPE, 1% SDS at 65°C. Blots were exposed to Hyperfilm (GE Healthcare) at -80°C overnight.
Cell culture and transient transfection assay:
Cell 
